ABSTRACT: Water chemical analyses, porewater and whole sediment chemical analyses, and porewater and whole sediment toxicity testing were performed as part of a combined effort between the US Fish and Wildlife Service and the US Geological Survey. These analyses were used to predict impaired stream sites that may impede a healthy natural riverine community. The analyses also revealed differences between sites that currently support and those that have ceased to support mussel populations. We estimated risk scores for the riverine community based on water and sediment characteristics. To identify and rank habitat in need of restoration, the risk estimation was derived by comparing collected data to water quality standards, sediment quality guidelines and toxicity test controls. High-risk scores often coincided with areas that no longer support historical freshwater mussel populations. Based on the data collected, factors thought to impede the existence of a natural riverine community included: sediment toxicity (porewater and whole sediment), sediment lead, sediment manganese, sediment ammonia, and low dissolved oxygen.
INTRODUCTION
Freshwater mussels (Unionidae) can have a large influence on total benthic biomass and are important participants in nutrient cycling and sediment dynamics in aquatic ecosystems (Newton 2003) . However, both mussel abundance and species diversity in North America have declined considerably during the past century (Newton 2003 ). Unionid mussels are among the most rapidly declining faunal groups in the United States (Williams et al. 1993 , Neves 1997 . However, most studies that have reported mussel declines are based largely on anecdotal evidence of casual mechanisms .
Numerous causal factors for unionid declines have been reported including sedimentation, disease, predation, changes in fish communities (which serve as larval hosts), alterations of river channels, commercial exploitation, environmental contamination, and introduction of exotic species (Fuller 1974 , Havlik & Marking 1987 , Bogan 1993 , NNMCC 1998 , Augspurger et al. 2003 , Mummert et al. 2003 , Newton 2003 . Freshwater mussel experts often report chemical contaminants as factors that may limit the survival and distribution of unionids (Richter et al. 1997 , Augspurger et al. 2003 . Reports of localized mortality have been attributed to chemical spills and other discrete point source discharges; however, wide-range decreases in mussel abundance and diversity may have resulted from chronic, low-level contamination (Naimo 1995 , Newton 2003 . Differential sensitivity of freshwater mussels results in tolerances to some organic solvents and pesticides (Keller 1993 , Keller & Ruessler 1997 , but may also result in high sensitivity of early life stages to contaminants such as chlorine (Goudreau et al. 1993) , metals (Keller & Zam 1991 , Jacobson et al. 1993 ) and ammonia (Horne & McIntosh 1979 , Goudreau et al. 1993 .
Historically, the eastern Gulf Slope streams and rivers were known to have rich mussel populations. The eastern Gulf Slope streams that drain the Apalachicolan Region extend from the Escambia River on the west to the Suwannee River system. These drainages include portions of southeast Alabama, west-central and southwest Georgia, and north Florida (Florida Department of Environmental Protection [FDEP] 2001, Georgia Department of Natural Resources [GDNR] 2002) .
Collectively, these rivers form a dominant drainage area in the eastern Gulf Coastal Plain (FDEP 2001 , GDNR 2002 . Within the eastern Gulf Slope drainage, the Ochlockonee River headwaters originate in Georgia's Worth County and the river flows in a southwesterly direction into the Big Bend region of northwestern Florida. The drainage eventually empties into the Gulf of Mexico. The Ochlockonee River basin drains approximately 6330 square miles with approximately 1460 square miles in Georgia (FDEP 2001 , GDNR 2002 . Much of the watershed remains relatively unmodified. Over one third of the basin area is in conservation. However, urban development, agriculture, and other anthropogenic alterations are evident, particularly in the northern watershed.
The focus of the present study was the chemical integrity of mussel habitat in the Ochlockonee River. This river provides important habitat for 3 federally listed endangered mussels, the Ochlockonee moccasinshell Medionidus simpsonianus Walker, 1905, oval pigtoe Pleurobema pyriforme Lea, 1857, and shinyrayed pocketbook Lampsilis subangulata Lea, 1840, and one federally listed threatened freshwater mussel, the purple bankclimber Elliptoideus sloatianus Lea, 1840. Like many unionids, they have declined in range and abundance in recent years as shown in surveys (Figs. 1 & 2, USFWS freshwater mussel database unpubl. data). Much of these declines were observed after 1990 in the Little River tributary and more recently in the upper Ochlockonee River in southeastern Georgia.
During our study, 2 factors and 3 tasks were addressed from the 'Recovery Plan for Endangered Fat Threeridge (Amblema neislerii), Shinyrayed Pocketbook (Lampsilis subangulata), Gulf Moccasinshell (Medionidus penicillatus), Ochlockonee Moccasinshell (Medionidus simpsonianus), and Oval Pigtoe (Pleurobema pyriforme); and Threatened Chipola Slabshell (Elliptio chipolaensis), and Purple Bankclimber (Ellip- toideus sloatianus)' (USFWS 2003) . The goal of this study was to aid the recovery effort for these mussels by examining factors potentially affecting their continued existence, impacts of present threats, habitat improvement needs, and protection from further threats. To address these points, information on water and sediment quality was gathered and used to rank sites needing protection, restoration, and/or eventual reintroduction of listed mussel species.
MATERIALS AND METHODS
Water quality. Water quality was characterized for 12 sites along the Ochlockonee River in southern Georgia and the Florida panhandle: 6 upstream and 6 downstream of Lake Talquin (Fig. 3 ). Sites were selected to correspond with historical mussel survey locations (see Fig. 2 ). The sampling plan specified that water column grab samples be taken from each site during high water, low water and mean water discharge. Sampling was conducted during the 2004 calendar year.
Water quality parameters included free copper (µg l ). Dissolved oxygen, temperature, conductivity, pH, chlorophyll concentration and turbidity were monitored in the field using a YSI Model 6600 multiparameter data logger. The instrument included a rapid pulse dissolved oxygen probe, conductivity/temperature probe, fluorescence derived chlorophyll probe, nephlometric turbidity probe, pH probe and calculated salinity and total dissolved solids. Readings were taken 15 to 30 cm from the river bottom at each site. The data were recorded to a YSI 650 multiparameter display system. The remaining analyses were performed on aliquots from 1 l samples taken at each site. Total copper and ammonia were measured with the HACH DR/2400 portable lab spectrophotometer and alkalinity and hardness were measured in the laboratory with a HACH digital titrator Model 16900. Protocols for sample collection, preservation, and holding times followed American Public Health Association (1998) or HACH Company guidance.
Sediment quality. Laboratory sediment toxicity tests were performed on samples collected during August 2004 from the same 12 sites along the Ochlockonee River. Multiple sediment samples (n = 3 to 6), collected at each site using a post-hole digger (10 to 15 cm depth), were combined and homogenized in 4 l opaque, high density plastic screw-top containers. Sediment samples were held on ice while in the field and then placed on reusable synthetic ice for transport and shipment to the US Geological Survey Patuxent Wildlife Research Center's laboratory in Athens, Georgia. Samples were stored for less than 72 h in the dark at 4°C pending analyses. Laboratory assessments included toxicity testing, chemical analyses and physical sediment characterization. Toxicity testing with Hyalella azteca Saussure (Crustacea, Amphipoda) followed established protocols (US Environmental Protection Agency 1994 and included the 28 d chronic toxicity tests (static renewal) on solid-phase sediments, as well as acute 96 h static tests on sediment porewaters. Toxicity of dichloromethane extracts of the sediments were determined by exposing Vibrio fischeri (photo-luminescent bacteria, strain NRRL B-11 177) for 5 and 15 min exposures following procedures described for the basic test by Microbics Corporation (1992) . Sediment characterization included percent moisture, percent organic matter, acid volatile sulfides/simultaneously extracted metals, and particle size analysis, in addition to analyses of trace elements from the sediment and porewater.
Prior to laboratory analyses, sediment samples were re-homogenized, and aliquots were removed to measure particle size distribution, acid-volatile sulfides (AVS), simultaneously extracted metals (SEM), percent moisture, percent organic matter, and Microtox bioassays. Five replicates of each field-collected sediment sample, the laboratory-control sediment (commercial sand that was washed and held in test water for 2 wk prior to use) and a laboratory reference sample (sediments collected from Lake Lanier of the Chattahocchee River Drainage in northern Georgia) were prepared for solid-phase toxicity testing. For each replicate, 100 ml of bulk sediment were transferred into a 300 ml tall-form beaker with a stainless-steel mesh-covered notch. The sediment in each beaker was then covered with 175 ml of reconstituted water (described below).
Sediment toxicity tests:
Solid-phase sediments were tested under static renewal procedures (US Environmental Protection Agency 1994 Agency , 2000 , with 2 renewals (70% replacement of overlying water with each renewal) daily (Zumwalt et al. 1994) . Deionized water reconstituted to a hardness of 100 mg l ) of YCT (yeast, Cerophyl, trout chow) daily during the 28 d exposure period. Temperature during the test was maintained at 23 ± 1°C and the photoperiod was 16:8 h light:dark. Survival and growth (total length) were the test endpoints. Overlying water chemistry was measured in the exposure chambers at the start and end of the test and included: dissolved oxygen, temperature, pH, alkalinity, hardness, conductivity and ammonia. Temperature, dissolved oxygen, pH and conductivity were monitored at periodic intervals (generally every other day) during the tests. Dissolved oxygen, temperature, pH, conductivity and ammonia were measured with the appropriate meters and electrodes, and alkalinity and hardness were determined by titration. For the Microtox bioassays, organic extractions of the sediments were performed using dichloromethane. The moisture content of each sediment sample was determined for later calculation of sediment dry weight used in the extraction process. Approximately 5 g of wet sediment were mixed with sodium sulfate (15 g) and then 30 ml of dichloromethane was added and thoroughly mixed. This mixture was centrifuged and the extract decanted into a flask. This extraction process (additional 30 ml of dichloromethane, mixing, and centrifugation) was repeated 2 more times with the resulting supernatant extract being transferred to the flask. The combined extracts in the flask were concentrated to a volume of approximately 2 ml using steam. Acetone (5 ml) was then mixed with the extract and re-concentrated to 1 ml. This step was repeated again. Dimethylsulfoxide (DMSO) was added to make a final volume of 10 ml. A negative control was prepared using DMSO, the test carrier solvent. A positive control was prepared by adding phenol (50 mg ml -1 ) to an extraction blank. The Microtox bioassays were conducted using the Microtox Toxicity Analyzer System following protocols described by Microbics Corporation (1992). Freezedried Vibrio fischeri bacteria and reagents were obtained from Microbics (now marketed by Strategic Diagnostic). Sediment extracts were tested following the procedures described under 'Condensed Protocol for Basic Test, Using Organic Solvent Sample Solubilization' (Microbics Corporation 1992). The amount of light lost was proportional to the toxicity of the test sample. The concentration of the extract that inhibited luminescence of V. fischeri by 50% after a 5 and 15 min exposure represented the EC50 values as mg equivalent sediment wet weight. The wet-weight EC50 values were converted to EC50 dry-weight values for reporting purposes and comparison with other data.
The tests were performed in 3 replicates.
Sediment porewater toxicity: Porewater samples (filtered through a 0.45 µm filter) for toxicity testing and chemical analyses were extracted from the remaining sediment from each sample using a vacuum extractor consisting of a fused glass air stone, airline tubing and a 60 cc syringe (Winger et al. 1998) . Approximately 300 ml of porewater were obtained from each sediment sample, aerated for 15 min (dissolved oxygen concentrations exceeded saturation levels during the test), and then 20 ml were transferred to each of 5 replicate 30 ml plastic cups. Ten 7 d old Hyalella azteca and a 1 cm 2 piece of Nitex ® netting (275 µm) were placed into each cup. H. azteca were exposed to porewater for 96 h under static conditions and were not fed during the test. The test exposures were maintained at 23 ± 1°C and 16:8 h light:dark photoperiod. The endpoint of the porewater test was survival. Water characteristics (temperature, dissolved oxygen, pH, alkalinity, hardness, conductivity and ammonia) were measured at the start of the test in porewater after aeration.
Sediment analyses: After digestion with hydrochloric acid and nitric acid, concentrations of Al, As, Cd, Cr, Cu, Fe, Mg, Mn, Mo, Ni, S, Pb and Zn were measured in the sediment with a Perkin-Elmer Plasma II sequential inductively coupled plasma emission spectrometer. After digestion with nitric acid and hydrogen peroxide, As and Se in sediments were measured using a PerkinElmer Zeeman Model 3030 graphite furnace. Acid volatile sulfides (AVS) were determined following methods described by Brouwer & Murphy (1994) . Cations in pore water and metals included in the simultaneously extracted metals (SEM: Cu, Cd, Sn, Hg, Pb, Zn) were measured using a Perkin Elmer Elan 6000 ICP-MS (inductively coupled plasma emissions mass spectrometer). Anions (chloride, sulfate, and nitrate) in pore water were determined using an ion chromatograph. Sediment particle size distribution was determined using procedures described by Miller & Miller (1987) . Percent moisture was measured as the difference between original wet weight and that after drying for 24 h at 105°C. Percent organic matter was derived by loss on ignition at 450°C for 4 h (Davies 1974) .
Statistical analyses on sediment toxicity tests: Statistical analyses were conducted using Statistical Analysis Systems (SAS Version 6, 1990). Comparisons among sites and the control were conducted for survival in porewater and survival and length from solidphase sediments of Hyalella azteca. These test endpoints were compared (simple deterministic risk assessment) to water and sediment chemistry and metal concentrations in pore water and solid-phase sediments; analysis of variance using General Linear Models and Dunnett's one-tailed test for significant differences in length and survival in comparison to the control. Statistically significant differences were accepted at α = 0.05. Similar analyses were performed on the Microtox data. EC50 values from sediment extract testing using Microtox bioassays were compared with test endpoints from the H. azteca tests and trace element analyses from porewater and sediments. Analyses were performed on log-transformed data due to the typical sigmoidal dose-response relationships observed.
Evaluation of potential risk and land use analysis. Risk estimation associated with water and sediment quality was performed for the individual habitat integrity categories of water chemical quality, sediment toxicity, and sediment chemical quality. One point was assigned to a site for every observed instance of the following: (1) an exceedance of state water quality standards or federal water quality criteria, (2) when toxicity was observed, or (3) sediment quality guidelines were exceeded. The points were then summed by site to achieve a total assessment.
To identify potential stressors, water and sediment quality results were compared to permitted point source discharges (via National Pollution Discharge Elimination System Permits), general land use characterizations provided by the respective state water management authorities, and the current and historic presence/absence data for freshwater mussels in the Ochlockonee River drainage. Additionally, data were evaluated relative to State of Florida water quality standards for the protection of aquatic life, Environmental Protection Agency water quality criteria for aquatic life protection, and to information generated by ongoing multi-regional and multi-agency efforts to better estimate toxicity thresholds for these taxa. However, information is currently insufficient to assess risk to these species from water quality in the targeted watersheds. Therefore, Geographic Information System (GIS) layers of relative water quality and estimated species risk per location were developed to provide a comparative visual tool to better assess watershed conditions. This assessment allowed ranking of sites for a better understanding of relative risk.
RESULTS AND DISCUSSION

Water quality
Water quality data were recorded at 12 sites on the Ochlockonee River, but not under all flow conditions intended ( Table 1) . As a result of the onset of persistent high river flows, 1 low flow and 2 high flow events were monitored during the study timeframe. Mean monthly flow conditions (m 3 s -1
) for each sampling event were 27, 21, and 12 for sites upstream of Lake Talquin and 65, 93, and 34 for sites downstream of Lake Talquin, respectively, according to USGS gaging stations for the months of June, July and August. Extensive rainfall precluded sampling under low flow conditions again or under mean flow conditions. Total ammonia concentrations in the Ochlockonee River system were relatively low (0.02 to 0.1 mg l -1 total ammonia as N at pH 8) compared to the recommended range for a criteria continuous concentration (CCC, 0.3 to 1.0 mg l -1 total ammonia as N at pH 8) by Augspurger et al. (2003) and the State of Florida ammonia water quality standard (0.4 mg l -1 total ammonia as N at pH 8). For both of the above reference values the free ammonia concentration was maintained, while the total ammonia concentration was adjusted to the recorded maximum system pH of 7.3 and 25°C. Based on the recommended criteria and the water quality standard, the risk to aquatic species from ammonia exposure was expected to be low in ambient water. This low expected risk was supported after examining the influence of the system's low pH (6.2 to 7.3) via the calculation of unionized ammonia concentrations. The lower the aqueous pH, the larger the proportion of the ammonia species that are ionized (NH 4 + ). The higher the pH, the larger the proportion of ammonia species that are un-ionized ammonia (NH 3 ). The low pH condition was a direct reflection of the low buffering capacity or alkalinity (6 to 19 mg CaCO 3 l -1 ) in the system. Free copper concentrations also were quite low at our study locations in the Ochlockonee River system. Copper was detected only twice at 2 and 3 µg l , whichever is greater ) and the USEPA criterion (5 mg l -1 ) in the reach of the Ochlockonee River below Lake Talquin (n = 12 readings from 2.3 to 4.6 mg l -1 ), as well as at several upstream sites (n = 3 readings from 4.5 to 4.9 mg l -1 ). These measures were taken during the summer months with assumed annually high water temperatures (25.6 to 29.2°C). However, despite warmer temperatures, less than half of the oxygen that could be dissolved in waters from the site just below the dam was found in those samples. Because the estimation of percent oxygen saturation takes temperature into account, it is particularly useful as an indicator of high oxygen demand from chemical or biological sources. However, the low percent saturation with oxygen may have simply resulted from limited oxygen introduction through mixing or turbulence.
Low oxygen levels have been implicated as stressors to invertebrate and fish species (Sprague 1963 , Dahlberg et al. 1968 , Nebeker 1972 , USEPA 1986 , Nebeker et al. 1992 . Additionally, dams alone have been cited as the cause of extirpation for 30 to 60% of the native mussel species in select US rivers because they can cause reduced dissolve oxygen and create other challenges via their alteration of flow regimes (Williams et al. 1992 , Layzer et al. 1993 . We found that turbidity exceeded the state water quality standard (41 NTU) on one occasion (49.3 NTU) in the Little River tributary just above Lake Talquin, but did not appear to result from algal production (6.1 µg l -1 chlorophyll a). However, the river segments downstream of Lake Talquin did have higher chlorophyll a concentrations (6.5 to 11.0 µg l -1 chlorophyll a) than those sites above the lake (0.6 to 7.6 µg l -1 chlorophyll a). Specific conductance was low in the system and was not expected to differ from historical.
Sediment quality
Sediment toxicity tests
Toxicity test results are provided for reference in (Table 2 ). Survival of Hyalella azteca exposed to sediment porewater from 3 sites was significantly lower compared to the control. H. azteca survival in exposures to the solid-phase sediments did not differ from the control at any of the sites. Length of H. azteca was significantly less than the control-sediment exposures in sediments from 10 sites. The large number of sites showing a significant difference in length may be partially explained by the comparatively large size of the animals from control sediment. If length from exposures to sediment from Stn 8 (greatest length of H. azteca from the test sediments) were used for comparison as a field reference site, no significant differences in length would be detected. Because of the large size Table 2 . Percent survival and growth (expressed as total length, mm) of Hyalella azteca exposed to pore water (n = 50 site -1
) and solid-phase sediments (n = 50 site ). Values in parentheses are standard deviations, and values with an asterisk indicate a significant difference (p < 0.05) to the Control. Comparisons were made to laboratory-control sediment (Control, commercial sand that was washed and held in test water for 2 wk prior to use), a laboratory reference sample (Reference, sediments collected from Lake Buford in northern Georgia for which the laboratory has extensive data), and reconstituted hard water (Recon) exposures of animals from the control sediments, the significance of the statistical differences with the control may be questioned. Microtox bioassays showed significant EC50 differences between the laboratory control and Stns 1 and 5 for the 5 min exposures. The 15 min exposures showed only a significant difference at Stn 1.
Based on the data from the 3 sets of toxicity tests, sediments at Stns 1 & 5 (and possibly 11) may be somewhat impaired in terms of supporting aquatic life in general. Stn 1 is at the lower end of the Little River north of Lake Talquin and southeast of Quincy, Florida; Stn 5 is in southern Georgia, southeast of Cairo. Sediment quality from the other sites does not appear to limit aquatic organisms. However, toxicity tests with appropriate mussel surrogates will be needed to verify that freshwater mussels are not limited by sediment toxicity at these sites.
Sediment analyses
Porewater chemistry from the sediments (Table 3) was within natural variability. Although ammonia concentrations (both total and un-ionized) were elevated at several locations (Stns 1, 2, 5, 8, 9, 10 and 11), there was no direct relationship to survival of the test species (no dose-response relationship). However, the concentration at Stn 1 could have influenced survival at that site. Un-ionized ammonia exceeded the 0.02 mg l -1 estimated safe level for freshwater mussels at 10 of the 12 sites (Augspurger et al. 2003) , but survival of Hyalella azteca in porewater did not reflect these elevated levels. H. azteca are reported to be far less sensitive to un-ionized ammonia than many freshwater mussel species (0.4 mg NH 3 l -1 , DMMP 2001; USEPA & USACE 1993), warranting further investigation with mussel-specific assays. Other porewater chemical characteristics were within acceptable ranges for H. azteca.
Chemistry of overlying water from the solid-phase exposure tests was also within expected ranges and changed little during the toxicity testing. Ammonia was slightly elevated at a few sites (the same sites that had elevated concentrations in the porewater tests) at the start of the test, but concentrations were well below levels of concern. Unfortunately, the overlying water samples were inadvertently discarded at the end of the test before ammonia could be measured. Ammonia concentrations in the overlying water from the solid-phase exposures generally decline during the course of the test due to the daily replacement of the water. Consequently, ammonia concentrations in the overlying water at the end of the solid-phase exposures would be expected to be less (probably nondetectable) than those measured at the start of the test.
The physical characteristics of the sediments varied little from site to site (Table 4) . Organic matter was generally low (0.5 to 7.2% of sediment composition) and the sediments consisted primarily of sand (89.5 to 97.5%). Acid volatile sulfides (AVS) were low (from not detected to 0.14 µmol g -1 ), as were concentrations of the simultaneously extracted metals (SEM, 0.03 to 0.5 µmol g -1 ).These small concentrations were most likely responsible for the inordinately high ratios shown for the SEM/AVS (0.00 to 16.64 µmol g -1 ). Ratios of SEM/AVS exceeding 1 are generally considered predictive of metal toxicity (Di Toro et al. 1992 case, however, the metal concentrations would not be expected to exceed toxic thresholds. The metals were more likely to be bound to dissolved organic matter in the porewater and be unavailable. Concentrations of trace elements in porewater (Table 5) were generally below levels that are expected to adversely affect aquatic species and substantially lower than water quality criteria (US EPA 2002). The only exception was lead, which had concentrations at Stns 2, 3, 4 and 7 that exceeded the 2.5 µg l -1 continuous criteria concentration (CCC). Concentrations of Pb exceeded aquatic effects levels of 1 to 5 µg l -1 (Eisler 1988) at 7 of the 12 test sites, but
Hyalella azteca survival in porewater did not correspond to these levels, and lead toxicity to freshwater mussels is not well known. In addition, the manganese concentration in porewater from Stn 1 was within the toxic range or 3 to 13 mg l -1 for H. azteca, depending on water hardness (Lasier et al. 2000) , and may have contributed to the reduced survival for this site. Similarly, concentrations of trace elements in the solidphase sediments were generally low and considerably less than sediment quality guidelines (MacDonald et al. 2000) ; except for lead at Stn 7 (site just below the Lake Talquin dam), exceeding the Threshold Effects Level (TEL) of 35.8 mg kg -1 . Concentrations of lead also were somewhat elevated at Stns 3 (upstream of the dam and south of Cairo, Georgia) and 11 (on the lower river near the bay). Although concentrations of trace metals in porewaters and sediments from the Ochlockonee River appear to be below effects levels for aquatic life, concentrations that could have long-term chronic effects are not known.
Evaluation of potential risk and land use analysis
Sites with a risk estimation score of 5 or greater corresponded well with areas where mussel populations have declined (Fig. 4 ; below the dam, Little River, and 3 miles SSE of Cairo, Georgia), and as such were considered to be of diminished value to freshwater mussels (Table 6 ). Conversely, sites with cumulative scores below 4 were found in areas that were apparently less impacted by anthropogenic changes. However, 2 sites where protected mussels have not recently been found had cumulative risk scores of 2 (second site below Lake Talquin) or 1 (uppermost northern sampling point NW of Thomasville, Georgia), respectively. This may have resulted from a number of factors including, but not restricted to: (1) the factors that limit mussels were missed by the survey and therefore risk was underestimated; (2) factors contributing to the decline of the mussels were not chemical in nature at the site; (3) the factors at nearby sites limited the success of the mussels; (4) the mussels' absence was related to an apparent decline that may more accurately be described as a decline in detection probability (Bailey et al. 2004) ; or (5) differences in sampling effort over time.
Failure to meet water quality standards has been reported for the Ochlockonee River system (FDEP 2001 , GDNR 2002 . In Georgia, the upper Ochlockonee River basin has the designation of 'fishing' waters meaning that it suitable for fishing and swimming, but not consumption. According to the State of Georgia (GDNR 2002) , this area of the river has frequently been noted for violations of the dissolved oxygen and fecal coliform bacteria standards, but also for fish consumption advisories. In nearly every instance the cause of the impairment has been attributed to non-point-source pollution (GDNR 2002) . The State of Georgia is addressing these issues through the implementation of their watershed protection strategy (GDNR 2002) . Parameters leading to impairment in Georgia have also prevented the Ochlockonee River in Florida from meeting its 'fishable-swimmable' (suitable for fishing and swimming, but not consumption) designation at a number of locations (FDEP 2001) . Parameters necessitating listing on the impaired water list included low dissolved oxygen, eutrophication, elevated turbidity, high total suspended solids (TSS), high bacterial loads, fish mercury content, biological integrity (macroinvertebrates) and iron. Like the sub-watersheds (drainage partitions within the watershed) in Georgia, the water quality impairments have been reported to stem largely from nonpoint sources (FDEP 2001) .
Although numerous instances of water quality violation have been reported by the respective state agencies, low dissolved oxygen may be the primary parameter that impacts aquatic life in the Ochlockonee River. In the case of freshwater mussels, low dissolved oxygen may interfere with respiration or the presence of needed fish hosts for reproduction (Sprague1963, Dahlberg et al. 1968 , Nebeker 1972 , USEPA 1986 , Nebeker et al. 1992 .
In addition to the non-point contribution to the quality of the system's water and sediment, point source discharges permitted by the respective states via the National Pollutant Discharge Elimination System (NPDES) exist in the watershed. Two reaches of the Ochlockonee River, where high risk was estimated for aquatic life, possessed a number of point source discharges in their sub-drainages. The permitted discharges included domestic wastewater treatment plants, petroleum wholesalers, plant nurseries, mining Fig. 4 . Cumulative risk score estimated for riverine communities in the Ochlockonee River, Florida based on sampling conducted in the summer of 2004. Water quality standards violations, toxicity test differences from the control, or exceeded sediment analyte guidelines each represented one risk point assessed to be summed for each incidence of each parameter by site and manufacturing, a meat processing plant, mining operation to produce absorbents, and a state hospital. However, the discharges were all upstream of Site 6 (the uppermost site sampled) but the overall risk score for that site was considerably lower than Site 5 further downstream. The third high risk site was located immediately below the dam on Lake Talquin. Lake Talquin is a man-made reservoir formed in 1927 when the Jackson Bluff Dam was constructed on the Ochlockonee River to produce hydroelectric power. Water from Lake Talquin is released through the dam via an underwater intake and surface discharge overflow from reservoir level gates. The design of the discharge may be related to the low dissolved oxygen levels recorded at the site. The State of Florida refers to Lake Talquin as more of a recreational feature than source of electric power for the City of Tallahassee (FDEP 2001) .
General land use characterizations provided by the respective state water management authorities have shown important differences between sub-drainages (FDEP 2001 , GDNR 2002 . According to these state agencies, the upper Ochlockonee River in Georgia, for example, possesses considerably more agriculture and rangeland (36 and 13%, respectively) than the upper river in Florida (9 and 3%, respectively) or lower river in Florida (0.4 and 2%, respectively). Agriculture and rangeland have often been associated with loadings that contribute to violations of dissolved oxygen and fecal coliform bacteria standards (FDEP 2001 , GDNR 2002 . The upper Ochlockonee River in Georgia also contains a large percent coverage of upland forest (41%), as does the Florida upper river (68%) and the lower river in Florida below Lake Talquin (51%). The upper river in Florida has more urban development (8%), compared to either Georgia (2%) or the lower river in Florida (1%). And the lower river has far more wetland coverage (43%) than either of the other 2 sub-drainages (Georgia 8% and Florida 8%; FDEP 2001 , GDNR 2002 . In fact, upland forest, wetland and open water categories combined constitute over 95% of the sub-drainage area of the lower river in Florida (FDEP 2001) .
Potential sources of nonpoint contributions in the sub-drainages can be identified based on land use characteristics provided by the states. The estimated important non-point contributors for Georgia's upper river area would include primarily agriculture and rangeland, but the importance of barren lands has not been overlooked by the respective state agencies (FDEP 2001 , GDNR 2002 . The upper Ochlockonee River in Florida possesses the highest urban development, as well as considerable amounts of agriculture and rangeland. The most important candidate for the lower river in Florida may have been rangeland. However, contributions of extensive upland forest management should not be omitted.
The above summary was based on land-use analyses on the landscape-level in which the Ochlockonee River watershed was viewed as only 3 sub-watersheds (FDEP 2001 , GDNR 2002 Table 6 . Individual parameters providing the cumulative potential risk score estimated for riverine communities in the Ochlockonee River, Florida, based on sampling conducted in the summer of 2004. Water quality standards violations, toxicity test differences from the control or exceeded sediment analyte guidelines are listed with respective parameter for each incidence. Each reported incidence represented one risk point assessed. Sites with '*' had no federally listed threatened or endangered freshwater mussel species during 2002-2004 surveys communities should be subjected to such analyses. Large-scale analyses should include important spatial issues such as distance of a particular land-use within a sub-drainage from the concern point, cumulative contributions between specific sub-watersheds, and potentially historical land-uses from which recovery may be taking place (Paul Lang, USFWS, pers. comm.).
CONCLUSIONS
Estimated risk to aquatic species was based on protective USEPA criteria and state water quality standards. Most often risk may have been related to low dissolved oxygen, and to a lesser extent turbidity and free copper concentrations in some instances. As a result, the coincidence of mussel absence (based on reference data) and water quality violations most often occurred with violations of the dissolved oxygen water quality criterion. Proximate areas of concern have been identified for water quality impairment, including the area immediately below Lake Talquin. However, a more systematic survey of the sub-watersheds where there is a risk from water quality parameters, such as low dissolved oxygen, is needed. Tributaries to some of the observed high risk may also be limiting to riverine community success to a degree that needs to be defined. Additionally, the extent of the reach that was identified as limiting (Sprague 1963 , Dahlberg et al. 1968 , Nebeker 1972 , USEPA 1986 , Nebeker et al. 1992 needs to be revealed through a more systematic approach to better delineate areas for improvement versus areas where recovery efforts would be more suitably employed.
In general, the sediment quality from the Ochlockonee River appeared to be fairly good, with the exception of Stns 1 and 5 (and maybe 11). Specific factors responsible for the reduced Hyalella azteca survival and low V. fischeri EC50 values shown for these sites are not known. Ammonia and manganese concentrations may be important at Stn 1. Ammonia and lead at various sites in this river were elevated, but there was no clear linear relationship between dose and effect (test endpoints). Sites with the highest concentrations did not show a corresponding toxic response. The concentrations of trace metals shown in the porewater and in the solid-phase sediment from the Ochlockonee River were not at levels that would impact most aquatic species, although lead may be of some concern. Toxicity testing with proper freshwater mussel surrogates will be required to futher examine this. From a trace element perspective, sediment quality in the Ochlockonee River appears to be within acceptable limits for aquatic life. However, as in the case of water chemistry, sediment toxicity and sediment chemistry needs to be better delineated for tributaries and the river reach extent to further mussel recovery efforts.
Cumulatively, sites posing potential risk to riverine species achieved an estimated potential risk score of ≥5 (below the dam, Little River, and ~3 miles SSE of Cairo, Georgia). These sites corresponded well with areas that no longer support their historic freshwater mussel populations. Conversely, sites with cumulative scores < 4 were generally found in less impacted areas. Two sites where protected mussels have not recently been found had cumulative risk scores of 2 (second site below Lake Talquin) or 1 (uppermost northern sampling point NW of Thomasville, Georgia), respectively.
